Introduction
Thyroid hormone homeostasis plays an important role in the control of normal cardiac function. The heart is one of the organs sensitive to variations in circulating TH levels, and thyroid dysfunction is associated with changes in myocardial contractility and its failure (Schmidt-Ott and Ascheim, 2006). Genomic effects of TH are mediated by their binding to α and β nuclear thyroid hormone receptors that regulate transcriptional activation or repression of various cardiomyocyte genes (Kahally and Dilmann, 2005) . Myosin heavy chains α (AMHC) and β (BMHC) are among proteins whose expression is modulated by TH. BMHC have lower ATPase activity and slower contraction velocity and force than AMHC (Hirzel et al., 1985) . BMHC expression is induced by pathological cardiac hypertrophy (Pandya and Smithies, 2011) , hypoxia (Razeghi et al., 2003) and caloric restriction (Swoap et al., 1995) . Thyroid hormones positively regulate AMHC, while they repress expression of BMHC (Pachucki et al., 2001; Weltman et al., 2013) .
The main secretory product of the thyroid gland is 3,3,5,5' tetraiodothyronine (T4), which is deiodinated in target tissues by selenoenzymes -iodothyronine deiodinases. In the heart, triiodothyronine (T3) is produced through outer ring deiodination of T4 catalysed by type 2 iodothyronine deiodinase (D2) localized in the myocardium in humans, and in non-myocardium cells of the heart in rodents (Biondi and Klein, 2004) .When type 3 deiodinase (D3) deiodinates the inner ring of T4, it creates inactive reverse triiodothyronine (rT3) (Pantos et al., 2011) . Type 3 deiodinase is expressed in many tissues during foetal life. Postnatally, D3 expression disappears and in adult life it is observed in some tissues only, including brain, skin and the pregnant uterus (Dentice and Salvatore, 2011). Reexpression of D3 has been observed in diverse models of tissue injuries, however (Huang and Bianco, 2008) . In the heart, reexpression of D3 has been observed in pathophysiological conditions like myocardial infarction, cardiac hypertrophy and failure, and it is considered to be responsible for the local hypothyroid state occurring in heart failure (Dentice and Salvatore, 2011) .
Thyroidal axis activity is down-regulated by food restriction (Heilbronn and Ravussin, 2003; Redman and Ravussin, 2009; Araujo and Carvalho, 2011) . Under food restriction, pituitary responsiveness to TRH is generally depressed and the serum TSH concentration decreases in rats (Araujo and Carvalho, 2011) . In addition, a decrease in plasma T3 (Fontana et al., 2006) and/or T4 (Gromakova and Konovalenko, 2004) and an increase in rT3 levels are observed (Darras et al., 1995) . With respect to peripheral metabolism of TH, fasting has been demonstrated to decrease D2 activity in the liver (Gyorffy et al., 2009) , increase D3 activity in this organ (Van der Geyten et al., 1999; Boelen et al., 2012) , and to decrease D3 in the kidneys ( Van der Geyten et al., 1999) .
Caloric restriction is believed to reduce cardiovascular risk factors and slow down heart aging via reduction of mitochondrial reactive oxygen species in plasma and heart tissues (Minamiyama et al., 2007; Shinmura et al., 2011) . On the other hand, several CR effects leading to alterations in gene expression and protein profile and deterioration of heart function have been reported (Katzeff et al., 1997; Sugizaki et al., 2009 Sugizaki et al., , 2011 Yamagishi et al., 2010) . To our knowledge, effects of caloric restriction on thyroid hormone deiodinases in the heart have not been investigated yet.
In this study, we aimed to assess the effects of CR and age on cardiac type 2 and 3 thyroid hormone deiodinases, thyroid hormone receptors α and β, and expression of myosin heavy chain isoform β. Additionally, we attempted to relate these effects to the impact of CR on thyroid axis hormones that are known, on the one hand, to respond to energy deficit and, on the other hand, to influence cardiac morphology.
Material and methods

Study protocol
Forty-two normal male Sprague-Dawley rats (Mossakowski Medical Research Centre animal house, Warsaw, Poland) forming two age groups were used. At the beginning of the experiment, following a two-week adaptation period, the younger rats were 17 weeks old (body weight, BW, 442.2 ± 35.3 g) and the older rats were 45 weeks old (BW 594.4 ± 42.3 g). The younger and older rats were divided into three groups of seven. The first group was fed ad libitum (AL) on a standard diet. The second and the third groups were subjected to CR. The AL animals had unlimited access to a stock rat diet (Table 1). Feed intakes of CR rats were updated weekly to 80% (20% deficit, CR20) and 60% (40% deficit, CR40) energy intakes of AL rats. The energetic value of CR rations was obtained by reducing the content of carbohydrates and fat. CR diets were supplemented with protein (casein) and a mineral-vitamin mixture to the AL ingredient intake (Table 1) . Feed consumption of all groups was measured every day and the animals were weighed weekly. Animals had free access to water. Housing conditions included individual cages, 12-h light/dark cycle, temperature 22°C, and relative humidity 60%. The study protocol was approved by the Local Animal Care and Use At the end of the nine-week experiment the rats were fasted overnight and an aesthetised by isoflurane. Blood was collected from the heart into EDTA-ised tubes, centrifuged at 2300 g and 4°C for 15 min. Pending analysis, plasma was stored at −23°C. Hearts were excised, specimens of the heart tissue were collected, snap immersed in RNAlater, and stored for mRNA determination. Next, the hearts were immediately frozen in liquid nitrogen. All samples were stored at -80°C until molecular and cellular analyses.
Pituitary-thyroid axis hormone and cardiac protein levels
Plasma TSH, T4, fT4, T3 and fT3 concentrations were determined by RIA kits (Izotop, Institute of Isotopes Co., Ltd., Hungary). The sensitivities of tests were 0.5 ng · ml
-1 , and 0.58 pmol · l -1 , respectively. Intraassay coefficients of variance (InaCV) were 4.8%, 3.94%, 2.61%, 5.44% and 4.46%, respectively. Interassay coefficients of variance (IneCV) amounted to 13.2%, 3.82%, 5.67%, 5.48% and 7.76%, respectively. Plasma rT3 was measured by an RIA test (ZenTech S.A., Belgium). The sensitivity of the test was 0.009 ng · ml -1 , InaCV was 6.49% and IneCV of 7.60%.
ELISA kits (Uscn Life Science Inc., China) were used to estimate cardiac D2, D3, THRα, THRβ and BMHC protein levels. The sensitivities of the tests were: less than 0.24 ng · ml -1 , 0.117 ng · ml -1 , 0.268 ng · ml -1 , 0.132 ng · ml -1 , and 43 pg · ml -1 , respectively.
Estimations of cardiac proteins were performed in the left cardiac ventricle. Heart tissues (weighing 0.9-1.6 g) were thoroughly rinsed in ice-cold PBS (0.02 mmol · l -1 , pH 7.2) and homogenized in 5 ml of PBS by an electric homogenizer (7 × 95 mm generator, PRO Scientific Inc., Oxford, UK) on ice. The resulting suspensions were subjected to two freezethaw cycles and homogenates were centrifuged at 5000 g for 5 min. Supernatants were aliquoted and stored at -80°C for further analyses. Levels of heart markers were expressed per milligram heart homogenate protein (for D2, D3, THRα and THRβ: ng · mg -1 protein and for BMHC: pg · mg -1 protein) as determined by the microtitred Bradford method (1.10306. BIOQUANT, MERCK, Germany) with bovine serum albumin as the standard (SIGMA-ALDRICH, USA).
Real-time polymerase chain reaction
Total RNA from heart samples was isolated using a total RNA kit (A&A Biotechnology, Poland). RNA quantity was measured with the use of NanoDrop (NanoDrop Technologies, USA). Samples with adequate amounts of RNA were treated with TURBO DNAse (Applied Biosystems, USA) and the samples were again analysed with a BioAnalyzer (Agilent, USA) to measure final RNA quality and integrity. Total RNA (0.1 μg) was reverse-transcribed using High Capacity RNA-to-cDNA Master Mix (Applied Biosystems, USA). Expression of genes was analysed by RT TaqMan PCR, TaqManUnivesal PCR Master Mix (Applied Biosystems, USA). Each reaction mixture contained 0.1 μg of cDNA and the VIC-labelled TaqMan probe (Rn00568328_ m1) designed by Applied Biosystems, USA). Additionally, three endogenous controls were used: Rat GAPDH, VIC-labelled; Rat ACTB, FAM-labelled and Rat Ubc, FAM-labelled (Applied Biosystems, USA). TaqMan PCR was performed using a Stratagene Mx3005P QPCR System (Agilent Technologies, USA) with initial incubation at 50° for 2 min, a denaturation step at 95° for 10 min, then 40 cycles of denaturation at 95° for 15 s, and an annealing/extension step at 60° for 1 min. The emission was measured at the annealing-extension step. For each PCR reaction, the cycle threshold (Ct) value, i.e. the number of PCR cycles necessary to increase fluorescence above background, was automatically calculated and analysed by MxPro QPCR Software (version 4.10, Agilent Technologies, USA).
Statistical analyses
Values are presented as means (SE) or median (min-max). Results obtained were subjected to data distribution (Shapiro-Wilk test) and variance homogeneity (Bartlett test) tests. Homogenous and normally distributed data were analysed for differences between groups by means of two-way analysis of variance (ANOVA) and by Tukey's test for posthoc analysis. Data coming from normal distribution were log-transformed and analysed by employing ANOVA and the above-mentioned tests. In parallel, Kruskal-Wallis ANOVA, U Mann-Whitney nonparametric tests were used to analyse abnormally distributed data. Correlations between concerned variables were assessed by means of the Pearson correlation method or the Spearman test. Statistical significance was accepted for P values at a level less than 0.05. All statistical analyses were performed using the Statistica v. 10 software package (StatSoft, USA).
Results
Changes in body weight and feed efficiency
Changes in BW expressed as a percentage of the initial value are presented in Table 2 . Both age and energy restriction affected BW significantly, with BW gain being higher in the younger than in the older group (P < 0.00003). Generally a higher energy deficit the lower BW gain was observed (P < 0.0000001). Feed growth efficiency was higher in younger rats (P < 0.00001).
Pituitary-thyroid axis hormone levels
Plasma TSH and total T4 concentrations were affected by the feeding level (P < 0.003 and P < 0.006, respectively) only. Plasma fT4 concentrations were influenced by both age and feeding (P < 0.0003 and P < 0.005, respectively). The ratio between fT4 and T4 (fT4/T4) depended on age, with fT4/T4 higher in younger vs older rats (P < 0.008), but not on the feeding level (Table 2) .
Plasma total T3 concentrations were affected only by the feeding level (P < 0.00001). Plasma fT3 was influenced by age as well as by the feeding level (P < 0.04 and P < 0.002, respectively) ( Table 2) .
Plasma levels of rT3 remained unaffected by both the diet and age (Table 2) .
Correlations between energy intakes and thyroid parameters are summarised in Table 3 . 
Cardiac THRα and THRβ protein levels
Cardiac THRα levels depended on age (P < 0.0003) ( Table 2 ). Caloric restriction did not significantly affect THRα. In turn, THRβ levels as well as cardiac THRα/THRβ were not dependent on any experimental parameters, as depicted in Table 2 . In younger rats, THRα correlated positively with fT4/ T4 (R = 0.57; P < 0.02). In older rats, a negative correlation between THRβ and rT3 plasma concentrations was found (R = -0.47; P < 0.03). 
Cardiac D2 and D3 protein levels
Cardiac D2 and D3 proteins were not influenced by either age or diet (Table 2) . In younger rats, D3 protein correlated positively with THRα (Figure 1 ).
Cardiac BMHC mRNA and protein levels
Cardiac BMHC mRNA was influenced by energy restriction (P < 0.00001), but not by age. Energy restriction at both levels augmented BMHC mRNA expression (Table 2) .
BMHC protein did not differ in AL groups and the effect of CR on BMHC protein was significant only in older CR40 rats (effect of age, P < 0.00031) ( Table 2) .
In younger and older rats, BMHC mRNA was inversely related to feed intake (Figures 2A and  2B ), and to thyroid hormones: in younger rats negatively to T4 (R = -0.53; P < 0.02), in older animals, negatively to T4 (R = -0.49; P < 0.03), fT4 (R = -0.60; P < 0.003) and the fT3/T3 ratio (R = -0.44; P < 0.04). In both age groups, the BMHC protein level was directly related to the D3 protein level (Figures 3A and 3B) . 
Discussion
In our study, caloric restriction evoked changes in pituitary-thyroid axis activity and cardiac myosin heavy chain β isoform expression.
Decreases in thyroid axis activity induced by fasting and dietary restriction have been observed in both humans (Redman and Ravussin, 2009 ) and rats (Araujo et al., 2009) . As in other studies, in our experiment, CR caused alterations in plasma concentrations of pituitary thyroid axis hormones despite adequate protein, vitamin and mineral intakes. A more expressed response of pituitary thyroid axis to CR in younger rats, as well as stronger correlations between feed intakes and hormone concentrations, may indicate age-associated changes in the adaptation to caloric restriction. The age-related declines in T3 and T4 free fractions may result from an increase in thyroid hormone binding globulin expression observed during aging, as shown by Savu et al. (1991) . The effect of CR on thyroid hormones could be strain-dependent, since, unlike in our study conducted in male Sprague Dawley rats, a decline in total T4 was observed in 12-month-old Wistar rats as compared with their 6-month-old counterparts (Silvestri et al., 2008) .
Despite changes in TH plasma concentrations, we did not show any significant effect of CR on cardiac THR levels. Thyroid hormone treatment has been reported to increase cardiac THRα1 levels, and TH deprivation evoked an opposite effect (Sadow et al., 2003) . In another study, decreased expression of THRα has been observed in Wistar Kyoto rats subjected to 50% feed restriction for a period twice longer than in our experiment. In contrast to our study, however, the animals received 50% of the feed ingested by the control group without replenishment of protein, minerals and vitamins to the ad libitum intakes (Sugizaki et al., 2009) . Thus, in our experiment the undifferentiated intakes of protein, minerals, and vitamins could have resulted in the lack of difference in THRα between ad libitum fed and caloric restricted rats. In older rats, a negative correlation between THRβ and rT3 plasma concentration was found. The plasma rT3 level reflects the intensity of 5deiodination. Since a rise in 5deiodina-tion could be connected with a drop in 5'deiodination, this relationship might indicate a reduction in THRβ. This fall could result from a diminution of the T3 level, because THRβ expression is stimulated by T3 (Kinugawa et al., 2001; Liu et al., 2007) .
To our knowledge, cardiac thyroid hormone receptors during aging have been poorly investigated as yet. In a study conducted on Wistar rats, cardiac THRα1 declined between 2 and 6 months of age, and THRβ between 6 and 24 months of age (Long et al., 1999) . Our results are not in conflict with these observations. We compared 26-week-and 54-weekold rats and did find higher THRα levels in older animals, whereas THRβ levels were not affected by age. The higher THRα in older rats could reflect compensation for age-related decreases in fT3 and fT4 plasma levels.
Caloric restriction induced an increase in BMHC mRNA expression in both age groups. Moreover, despite an increase in BMHC mRNA, we did not observe significant changes in BMHC protein evoked by CR in the younger group, although in older rats such an effect appeared. Alterations in cardiac proteins regulated by TH -increases in BMHC, Ca channels, phospholamban, as well as a decrease in response to feed and caloric restriction are also reported by other investigators (Swoap et al., 1995; Katzeff et al., 1997; Sugizaki et al., 2009 Sugizaki et al., , 2011 Yamagishi et al., 2010) . Nonetheless, we did not find examples in the literature of statistically significant correlations between feed consumption or thyroid hormone levels and BMHC mRNA expression.
We observed that age had an impact on BMHC protein in CR rats only, while in AL rats, BMHC protein did not differ between both age groups. In other studies comparing BMHC% in Fisher 344 x Brown Norway F1 hybrid rats, BMHC% increased gradually from 3 to 9, 21 and 33 months of age (Fitzsimons et al., 1999) , and was higher as well in 10-month-old Sprague Dawley rats than in 5-month-old ones (Carnes et al., 2004) . The difference between our results and others might be due to estimation of absolute, not relative, BMHC protein levels, which depends on the amount of isoform α myosin heavy chain.
Both type 2 and type 3 deiodinases were not significantly affected by experimental conditions as assessed by multifactorial analysis of variance. Type 2 deiodinase expression in rodent heart is much lower than in human heart (Croteau et at., 1996) , therefore rodents are not considered a suitable model for human D2 regulation. Cardiac D2 mRNA and activity in mouse and rats has, however, been demonstrated to respond to changes in thyroid hormone levels induced by hypothyroidism provoked by methimazol treatment (Wagner et al., 2003) or iodine deficiency (Lavado-Autric et al., 2013) and attenuated by T3 administration (Wagner et al., 2003) . This could indicate that in our study, local changes in thyroid hormone evoked by CR were not sufficient to alter D2 expression.
To our knowledge, we are the first to have observed a direct relationship between heart D3 and BMHC in both age groups. Thus, we suppose that cardiac D3 could be involved in a local decrease in T3 due to a rise in T4 ring deiodination. This could unblock BMHC gene expression during caloric restriction. Moreover, cardiac D3 expression has been reported to be induced by hypoxia inducible factor 1α (HIF1α).This leads to a decrease in T3-dependent oxygen consumption (Simonides et al., 2008) . During CR, hypoxic conditions could result from atrophy of cardiac capillaries delivering oxygen. Such an effect was already observed after 7 days of 50% caloric restricted feeding of mice (Gruber et al., 2012) . Cardiomyocyte hypoxia has also been observed in cardiac hypertrophy as cardiomyocyte diameter increased and oxygen diffusion deteriorated (Des Tombe et al., 2002) . This would not be the case in our experiment, however, since caloric restriction has been shown to reduce cardiac hypertrophy (Ahmet et al., 2011) . Recently, D3 expression has been observed both in vitro and in vivo to be stimulated by T3-liganded THRα in the brain and hypophysis, but not in the liver (Barca-Mayo et al., 2011) . Although significant in younger rats only, the direct relationship found in our study between cardiac THRα and D3 enables us to hypothesize that THRα plays an essential role in the induction of D3 expression in the heart.
Conclusions
Caloric restricted feeding induced a decline in thyroid activity and an increase in cardiac myosin β heavy chain isoform mRNA expression. The effect of age in response to caloric restriction was seen in the pituitary thyroid axis and myosin heavy chain β (BMHC) protein. Although thyroid response was more expressed in younger rats, in contrast, older rats responded more strongly in respect to (BMHC) protein level. Cardiac deiodinase 3 (D3) might be engaged in the effect of caloric restriction on BMHC because of the direct relationship between their levels. Thus, the most important finding of our study is that under conditions of differentiated dietary energy supply, D3 and BMHC protein are directly related in both young and middle-aged rats.
